The purpose of this study was to establish a test setup and vibration analysis method to predict femoral stem seating and prevent bone fracture using accelerometer and force response data from an instrumented stem and impactor. This study builds upon earlier studies to identify a means to supplement a surgeon's tactile and auditory senses by using damage identification techniques normally used for civil and mechanical structures. Testing was conducted using foam cortical shell sawbones prepared for stems of different geometries. Each stem was instrumented with an accelerometer. Two impactor designs were compared: a monolithic impactor and a twopiece impactor, each with an integrated load cell and accelerometer. Acceleration and force measurements were taken in the direction of impaction. Comparisons between different methods of applying an impacting force were made, including a drop tower and a surgical hammer. The effect of varying compliance on the data was also investigated. The ultimate goal of this study was to assist in the design of an integrated portable data acquisition system capable of being used in future cadaveric testing. This paper will discuss the experimental setup and the subsequent results of the comparisons made between impactors, prosthetic geometries, compliances, and impact methods. The results of this study can be used for both future replicate testing as well as in a cadaveric environment.
Introduction
Osteoarthritis, the most common form of arthritis, is a degenerative condition caused by the breakdown of cartilage in one or more joints, and most commonly affects the spine, hips, knees, and hands. Joints affected by this condition become painful and experience a loss of mobility [1] . Advanced stages of osteoarthritis of the hip can be treated with total hip arthroplasty (artificial hip replacement). Currently, orthopedic surgeons perform approximately 235,000 total hip replacements in the United States each year [2] . In cemented hip arthroplasty, the surgeon removes the femoral head and reams the femur out to an area larger than the prosthesis, which is held to the bone using bone cement. Alternatively, in uncemented hip arthroplasty, the surgeon impacts a prosthesis, which is slightly larger than the reamed area, into the femoral canal. This procedure relies on residual stresses from the press fit for stability [3] . Seating is defined as the point when these stresses have reached a high enough point to prevent micromotion of the implant. However, femoral fracture will occur if these stresses exceed the maximum hoop stress of the bone. Unrecognized fractures during surgery may allow the implant to move during recovery, inhibiting the growth of bone into the prosthesis [4] . These fractures occur in one of two locations: proximally, near the femoral neck, and distally, near the tip of the prosthesis [5] . Currently, surgeons rely on auditory and tactile feedback during implantation to determine seating [6] .
The use of minimally invasive surgery has become an increasingly popular technique for many procedures, including hip replacements [6] [7] . The smaller incision length causes less soft tissue and muscular damage, resulting in less blood loss, decreased hospital stays, diminished post-operative pain, and a more rapid rehabilitation and recovery time [6] [7] [8] . However, this procedure is not without problems. The reduction in incision size may decrease the tactile and auditory feedback surgeons rely on to determine seating during the procedure; anecdotal evidence suggests an increase in intraoperative fractures due to this decrease in incision size [6] .
Cadaveric studies have been conducted to characterize these fractures using strain gages and photoelastic coatings [3] . These studies focused on quantifying the magnitude of the hoop stresses. The monitoring of vibrations during impaction has been explored as a means of determining implant seating. Giardini et al. [9] measured acceleration of the prosthesis during impaction into a PVC pipe designed to roughly simulate hip arthroplasty. The test was then repeated using a commercially available replicate composite femur. By monitoring the change in the global Holder Exponent, Giardini's data indicated that the possibility exists for developing a method to determine seating. In Abou-Trabi et al. [10] , five replicate composite femurs were impacted. Acceleration data and impedance measurements with a PZT patch were taken. Abou-Trabi found several metrics that held potential for determining seating, including the normal of acceleration divided by the normal of the force. Crisman et al. [11] continued this research with cadaveric testing. Unfortunately, the metrics that appeared promising when using composite femurs did not work well with the cadaveric data. Only the time to 99% total norm showed promise as a metric to determine seating. This metric measures the time it takes for a signal from a single impact to obtain 99% of its total norm during the given time interval.
This study continues previous research on methods to identify seating, but focuses more on developing a test protocol that has better control, consistency, and repeatability of the data and results. Developing a mounting system with compliance that better mimics the conditions found in the operating room was also a focus of this study. Comparisons between using a weighted drop tower, which provided a consistent force between successive impacts, and using a surgical hammer, as actually used in orthopedic surgery, were also made. A larger number of replicate femurs were used for this study (26 replicates) than in previous studies.
Experimental Setup and Procedure
This study compared the seating, force, and vibration characteristics of two types of prosthesis geometries: the Secure-Fit Max (132 deg neck, size 10, cat# 6051-1035S) and the Accolade TMZF Cementless Femoral Stem (132 deg neck, size 4.5, cat# 6020-4535.) These two designs are shown in Figure 1 . Two different impactor designs were also investigated: the Monolithic and the Two-Piece bolt, as shown in Figure 2 . The purpose of comparing the impactor designs was to determine whether using a removable accelerometer mount on the TwoPiece bolt had a significant impact on the data. A removable, bolted mount such as this could easily be implemented on the impactors currently in use by orthopedic surgeons. 
